The dynamic challenges of peanut (Arachis hypogaea L.) farming demand a quick response from breeders to develop new cultivars, a process that can be aided by the application of molecular markers. With the goal to pyramid nematode resistance and the trait for high oleic:linoleic acid (high O:L) ratio in seeds, nematode-resistant cultivar Tifguard was used as the recurrent female parent and high O:L cultivars Georgia-02C and Florida-07 were used as donor parents for the high O:L trait. 'Tifguard High O/L' was generated through three rounds of accelerated backcrossing using BC n F 1 progenies selected with molecular markers for these two traits as the pollen donors. Selfed BC 3 F 2 plants yielded marker-homozygous individuals identifi ed as Tifguard High O/L, compressing the hybridization and selection phases of the cultivar development process to less than 3 yr. The accuracy of marker-assisted selection (MAS) was confi rmed by phenotyping a subset of F 2:3 populations from both parental combinations. Once additional molecular markers linked with traits of interest are designed to be compatible with high-throughput screening platforms, MAS will be more widely integrated into peanut breeding programs.
P
EANUT (Arachis hypogaea L.), like other crops, is constantly challenged by stresses from pathogens, pests, and environmental factors such as declining water supply, increasing pollution, arable land degradation, and climate change (Collard and Mackill, 2008) . In addition, the anticipated expansion in world population demands increased and environmentally sustainable productivity from crops. Peanut breeders have to address these dynamic issues by pyramiding traits such as durable disease resistance, abiotic stress tolerance, and nutritional improvement, etc. Selection of parents homozygous for traits of interest is a major task demanding phenotypic screening of segregating progeny in the fi eld or greenhouse or through postharvest evaluation. Conventional breeding of an elite peanut cultivar typically takes 10 to 15 yr for development using breeding strategies such as pedigree selection, bulk method, single seed descent, or backcrossing Knauft and Ozias-Akins, 1995) plus testing and seed increase. Th is lengthy cultivar development process makes it diffi cult to respond to changing demands in a timely manner. Recent advancements in genetics and genomics provide molecular tools to facilitate peanut breeding and can substantially improve the effi ciency for producing a new elite cultivar, especially when applied in a backcrossing program with simply inherited traits. Th is report focuses on the application of molecular markers for two traits of interest, that is, nematode resistance and high oleic:linoleic acid (high O:L) content, demonstrating the effi cacy of marker-assisted selection (MAS) in peanut breeding programs.
Meloidogyne arenaria (Neal) Chitwood race 1 (root knot nematode [RKN] ) damage to peanut roots and pods causes signifi cant economic loss in infested fi elds (Minton and Baujard, 1990) . A gene for nematode resistance, Rma (resistance to M. arenaria) (Nagy et al., 2010) , from Arachis cardenasii Krapov. & W.C. Greg. (a wild peanut relative), was introgressed into cultivated peanut through either interspecifi c hybridization involving a synthetic tetraploid (Arachis batizocoi Krapov. & W.C. Greg. × [A. cardenasii × Arachis diogoi Hoehne]) crossed with A. hypogaea (Simpson et al., 1993) or a hexaploid introgression pathway (A. hypogaea × A. cardenasii) (Stalker et al., 2002a) . For the synthetic tetraploid pathway, 'Florunner' (Norden et al., 1969) served as the recurrent female parent to introgress Rma and subsequently yielded the resistant cultivars COAN (Simpson and Starr, 2001 ) and Nema-TAM (Simpson et al., 2003) . High-resolution mapping of Rma was performed with breeding materials derived from the synthetic tetraploid pathway in comparison with an A-genome diploid species map (Nagy et al., 2010) . Twelve polymorphic markers and a previously published sequence characterized amplifi ed region marker S197 (Chu et al., 2007a) were found to be tightly linked with Rma in populations from two tetraploid crosses, spanning an interval of 0 to 6.8 cM. Comparative mapping with an intraspecifi c F 2 population from diploid Arachis duranensis Krapov. & W. C. Greg. identifi ed the introgressed region carrying Rma as collinear with a portion (1/3 to 1/2) of chromosome 9A (Nagy et al., 2010) . Th e introgressed region in COAN and NemaTAM is shared with Tifguard, a highyielding elite cultivar with near immunity to RKN and high resistance to tomato spotted wilt virus (TSWV) (Holbrook et al., 2008a) . Converting this high-yielding elite cultivar from normal to high O:L through backcrossing was a major goal for this breeding project.
Approximately 50% of peanut seed dry weight is oil of which oleic acid and linoleic acid account for 80% of the total fatty acid (Isleib et al., 2004; Norden et al., 1987) . Normal O:L cultivars such as Tifguard have an O:L ratio of 1.0 to 4.0 whereas the ratio can reach as high as 30 to 40 in high O:L cultivars . Th e high O:L trait is desired by the peanut industry because it confers high oxidative stability to the oil (O'Keefe et al., 1993) . Th e reported health benefi ts of dietary monounsaturated fatty acids, such as lowering of blood low-density lipoprotein levels in postmenopausal hypercholesterolemic women (O'Byrne et al., 1997) , also makes the conversion of current elite cultivars to high O:L attractive. Delta-12-desaturase (oleoyl-PC desaturase), which catalyzes the addition of a second double bond into oleic acid to make linoleic acid, is the key enzyme regulating the O:L ratio in peanut (Ray et al., 1993) . Spontaneous recessive mutants for this enzyme, ol 1 and ol 2 , have been identifi ed and double mutants have high O:L. Expression of two homeologous genes encoding this enzyme, ahFAD2A and ahFAD2B, must be repressed to achieve high O:L in peanut (Jung et al., 2000a (Jung et al., , b, 2003 Lopez et al., 2000 Lopez et al., , 2002 . Th e 448G>A substitution in ahFAD2A is prevalent in A. hypogaea subsp. hypogaea representatives in the U.S. mini-core collection (Chu et al., 2007b) . All parental cultivars involved in this breeding program carry this mutant allele; therefore, no segregation of ahFAD2A alleles was expected. Two alleles of ahFAD2B, that is, 441_442insA and 665_insMITE mutations, control the high O:L trait in U.S. cultivated peanut (Chu et al., 2009 ). Both 'Florida-07' (Gorbet and Tillman, 2009 ) and 'Georgia-02C' (Branch, 2003) have the 441_442insA mutation in the ahFAD2B gene, which can be identifi ed by a cleaved amplifi ed polymorphic sequence (CAPS) marker 1101/1048 (Chu et al., 2009 ). Molecular markers for both nematode resistance and high O:L were used in this breeding project. To accelerate the breeding process, molecular markers were used to screen the F 1 individuals from each crossing step to determine which plants to use as male parents in the next cycle of backcrossing. Since Tifguard was used as the recurrent parent, the use of molecular markers allowed us to rapidly fi x nematode resistance while using individuals heterozygous for the high O:L marker as pollen parents to ensure that this trait was carried through all cycles of backcrossing.
Materials and Methods

Plant Materials and Phenotyping
Tifguard was used as the recurrent female parent whereas Georgia-02C and Florida-07, both donors of the high O:L trait, were used as male parents to make the initial crosses C1804 and C1805, respectively. Th e marker-selected F 1 hybrids were used as male parents and also allowed to self, and both F 2 populations were genotyped. F 3 seeds from 11 F 2 individuals homozygous for both traits were further genotyped and phenotyped for marker validation. Total oil from 3 to 4 F 3 seeds per each selected F 2 plant was extracted and analyzed by gas chromatography (Tillman et al., 2006) . Ten seeds from each selected F 2 plant were germinated in the greenhouse and screened for nematode resistance using the technique described by Holbrook et al. (1983) . Plants were grown in steam-pasteurized loamy sand and were inoculated with 3500 eggs of M. arenaria that had been cultured alternatively on tomato (Solanum lycopersicum L. cv. Rutgers) and peanut to reduce potential contamination from Meloidogyne incognita (Kofoid and White) Chitwood (a parasite of tomato but not peanut). Nematode inoculum was prepared using the NaOCl method (Hussey and Barker, 1973) and applied 10 d aft er planting.
Approximately 70 d aft er inoculation, plants were uprooted and washed clean of soil. Th e roots were placed in 1000-mL cups containing 300 mL of 0.05% (v/v) phloxin B solution for 3 to 5 min (Daykin and Hussey, 1985) . Each plant was indexed for root galls and egg masses based on a scale of 0 to 5 (0 = no galls or no egg masses, 1 = 1-2, 2 = 3-10, 3 = 11-30, 4 = 31-100, and 5 = more than 100 galls or egg masses per root system) (Taylor and Sasser, 1978).
To develop 'Tifguard High O/L', F 1 , BC 1 F 1 , and BC 2 F 1 individuals carrying marker alleles for both nematode resistance and high O:L were selected for use as the male parents ( Fig. 1 ). BC 3 F 1 seedlings heterozygous for high O:L were selected and were allowed to self. Homozygous BC 3 F 2 seedlings were identifi ed as Tifguard High O/L.
Statistical Analysis
All phenotypic data were subjected to ANOVA and genotypic means were compared by Fisher's protected LSD. Unless otherwise stated, all diff erences referred to in the text were signifi cant at p ≤ 0.05.
DNA Extraction
Genomic DNA was extracted from peanut leaf tissue either by a high-throughput method (Xin et al., 2003) or the cetyltrimethyl ammonium bromide (CTAB) method (Doyle and Doyle, 1987) . Young, folded leafl ets were collected from less than 2-mo-old plants, because older plant tissue tends to have more polymerase chain reaction (PCR) inhibitors, particularly when a crude, highthroughput extraction method is followed. Th e protocol for high-throughput DNA extraction and PCR reaction setup is detailed in Table 1 . For the CTAB method, 50 to 150 mg of leaf tissue was extracted, and the DNA pellet was dissolved in 250 μL of Tris-ethylenediaminetetraacetic acid (EDTA) buff er (10 mM Tris, 1 mM EDTA, pH 8.0). To genotype the F 3 seeds whose cotyledons were used for oil composition analysis, DNA was extracted from embryo axes using a modifi ed CTAB extraction method (Chu et al., 2009) . All PCR reactions with CTAB-extracted DNA contained 1 μL of template in a 20 μL PCR reaction. Each PCR reaction consisted of 0.02 U of JumpStart Taq DNA polymerase (Sigma, St. Louis, MO), 1x JumpStart buff er, 0.1 mM deoxyribonucleotide triphosphates (dNTPs), and 0.2 μM of each primer. Th ermal cycling followed the conditions listed in Table 2 .
Molecular Markers
For nematode resistance conferred by Rma, dominant marker S197 (resistance allele) (Chu et al., 2007a) , dominant CAPS marker 1169/1170 (susceptibility allele; described below), and a codominant simple sequence repeat (SSR) marker GM565 (Nagy et al., 2010) were used. Codominant SSR marker GM565 produces 208 and 195 bp PCR products in resistant and susceptible genotypes, respectively (Table 2) . Th is 13 bp size diff erence can be discerned on a 2% agarose gel with the loading well 1.0 mm wide by 2.5 mm long. Before the application of GM565, S197 and 1169/1170 markers were assayed on the same sample to identify heterozygotes. Marker 1169/1170 was developed from an amplifi ed fragment length polymorphism (AFLP) (Vos et al., 1995) marker mapped in a population of NemaTAM × GP-NC WS14 (Stalker et al., 2002b , Chu et al., 2007a . Amplifi ed fragment length polymorphism was conducted essentially according to the manufacturer's instructions (LI-COR, Lincoln, NE) with EcoRI and MseI digestion of genomic DNA, ligation of adapters, and selective amplifi cation with M-CTT and E-AGC. Polymorphic bands visualized with an Odyssey infrared imaging system (LI-COR, Lincoln, NE) were excised for sequencing by the Georgia Genomics Facility (Athens, GA). A restriction enzyme recognition site diff erence between Tifguard and its nearisogenic line C724-19-25 (Holbrook et al., 2008b) allowed CAPS marker 1169/1170 to be developed. Th is marker was validated in an F 4 population of 'Gregory' (Isleib et al., 1999 ) × Tifguard segregating for nematode resistance.
Cleaved amplifi ed polymorphic sequence marker 1101/1048 (Chu et al., 2009) targeting at the 441_442insA mutation of AhFAD2 was used to genotype for the high O:L trait (Table 2 ). In addition, this CAPS marker was converted to a gel-free single nucleotide polymorphism (SNP) assay using HybProbe design. Th e AhFAD2B mutant allele was submitted to LightCycler Probe Design soft ware 2.0 (Roche Applied Science, 2004) for primer and probe design. For the 441_442insA mutation, a 165 bp fragment was amplifi ed with primers (sense: 5′-TTT-GACCCTTCACTCTTGTCTATTA-3′ and antisense: 5′-TCCCTGGTGGATTGTTCATGTA-3′). Th e sensor HybProbe (5′-CCAACACAGGTTCCCTCAGAC-3′) spanning the target SNP was labeled with fl uorescein at the 3′ end. Th e anchor probe (5′-CGACGAAGTGTTT-GTCCCGAAACCA-3′) was labeled with LightCycler Red 670 at the 5′ end and blocked with phosphate at the 3′ end. Since the probes hybridize to the antisense strands, PCR is performed asymmetrically to increase the yield of antisense amplicons. Each 3 μL PCR reaction contained 1x of LightCycler Genotyping Master mix, 0.5 μM sense primer, 2 μM antisense primer, 0.2 μM of each HybProbe, 1.5 μM of MgCl 2, and 0.15 μL of the 10x-diluted high-throughput DNA extracts. Polymerase chain reactions were initiated with a preincubation for 10 min at 95°C, followed by amplifi cation for 55 cycles of 95°C for 10 sec, 55°C for 10 sec, and a fi nal extension at 72°C for 10 sec. Th e melting curve cycle was performed at 95°C for 1 min, 40°C for 2 min, and a gradual increase in temperature to 95°C at 0.11°C sec -1 with continuous fl uorescence acquisition followed by a cooling down step to 40°C. Th e fl uorescence signal was plotted in real time against temperature to produce the melting curves for each reaction. Th e melting curve was converted by the negative derivative formula -(d/dT) to produce the melting peaks. Th e soft ware automatically groups similar melting curves and gives genotyping calls based on known standards.
Results and Discussion
Th e genotype distribution, close to 1:2:1 for each gene within F 2 populations from both initial crosses C1804 and C1805, was detected by MAS (Table 3) . DNA extracted from a total of 305 individuals using the CTAB method gave 100% scorable marker data for both RKN resistance and high O:L traits. Another 835 individuals screened using high-throughput DNA extracts resulted in 21 and 2% failed reactions for high O:L and Rma markers, respectively. Th e CTAB method removes DNA contaminants by chloroform extraction followed by isopropanol precipitation and ethanol wash steps. Although the high quality of DNA guaranteed success of subsequent PCR reactions, it is a relatively time consuming procedure. For breeding programs, sample numbers may be in the thousands and tissues need to be collected and processed in a short period of time. Th e published high-throughput method (Chu et al., 2007a) was modifi ed for the current markerassisted breeding project primarily by dilution of extracts (1:10) and reduction of template volume (to 0.8 μL) in the reaction mix (20 μL) ( Table 1) . Th e PCR reaction mix also was modifi ed by increasing the total MgCl 2 concentration to 4.0 mM, which increased the PCR reproducibility (data not shown). It is possible that the inhibitors in crude peanut extracts chelate Mg 2+ making it unavailable to Taq DNA polymerase. Th e higher failure rate for the high O:L CAPS marker compared with the Rma marker is possibly due to the much larger amplicon size of the former (1.2 kbp and ~200 bp, respectively). Regardless, 45 F 2 individuals homozygous for both genes were identifi ed. Th ese individuals will continue to segregate for other traits but both RKN resistance and high O:L genes have become fi xed.
Since the potential for recombination between nematode resistance and linked markers exists (Chu et al., 2007a) , and a certain error rate in genotyping can be expected, phenotype prediction from marker data needed to be validated by phenotyping. Eleven homozygous F 2 individuals were selected and 10 F 3 progeny from each F 2 plant were tested and shown to carry only the GM565 resistance allele with one exception, a heterozygote that most likely arose through outcrossing since F 3 seeds were harvested from the fi eld. Because Rma is dominant, this individual should be resistant and phenotypically indistinguishable from homozygous progeny. Aft er greenhouse inoculation, all selected F 2:3 lines showed signifi cantly lower (p < 0.05) gall and egg mass ratings than susceptible checks (Table 4) . Th ese data demonstrate that the Rma markers used in this project can reliably select for nematode resistant progenies. Th e nematode resistance in Tifguard is derived from COAN and thus from the synthetic tetraploid interspecifi c pathway (Holbrook et al., 2008a) . Nagy et al. (2010) showed that a large introgressed region from a diploid parent hindered recombination between Rma and fl anking markers in elite × elite crosses. Th erefore, although markers for Rma may be separated from Rma by a considerable physical distance, they are acceptable for marker-assisted breeding due to the low level of recombination in this region.
Another 10 F 3 seeds from each selected homozygous F 2 individual that were genotyped for the high O:L marker resulted in detection of fi ve heterozygotes (4.5%) indicating that outcrossing occurred in the fi eld. An outcrossing rate up to 10% has been reported for peanut where the fl uctuation is determined by the activity level 0.68 0.50 † Root-gall and egg-mass index on 0 to 5 scale: 0, no galls or no egg masses; 1, 1-2; 2, 3-10; 3, 11-30; 4, 31-100; 5, more than 100 galls or egg masses per root system. Data are means of 10 replications.
of bees (Coff elt, 1989; Culp et al., 1968; Hammons, 1963; Knauft et al., 1992) . Oil composition determined for three homozygous F 3 seeds from each homozygous F 2 line and all fi ve heterozygous seeds showed no signifi cant diff erences between the C1804 and C1805 breeding populations; therefore, data from both populations were pooled for analysis (Fig. 2) . Th e O:L ratio of the homozygous mutant group was similar to that of the high O:L Georgia-02C and signifi cantly higher than that of Tifguard and heterozygotes (p < 0.05). Th ere also was no signifi cant diff erence between the heterozygous group and Tifguard. Th ese data confi rm the accuracy of molecular markers as a prediction for phenotype. When the linoleic acid level was analyzed alone, the heterozygote group had an intermediate level that was signifi cantly diff erent from both mutant and wild-type groups (p < 0.05). Although our replication number was small, it does support the previous fi nding that Olol heterozygotes (equivalent to ahFAD2B/ahfad2B) have an intermediate level of linoleic acid content as was determined by sampling over 2000 progenies of BC n F 2 populations (Isleib et al., 2006) .
Pyramiding the high O:L trait with nematode resistance in Tifguard was performed by a marker-assisted backcross strategy. Th e initial crosses C1804 (Tifguard × Georgia-02C) and C1805 (Tifguard × Florida-07) were initiated in April 2008. Th e fi rst backcross was initiated in September 2008 soon aft er harvest, using F 1 progenies heterozygous for both markers as the pollen donors. Our subsequent BC 2 and BC 3 generations were launched back to back by genotyping BC n F 1 progenies. Only those backcrosses that were heterozygous for the high O:L marker but homozygous for nematode resistance markers were selected as the pollen donors. Conventional backcrossing would not have been initiated until homozygous BC n F 2 seeds were phenotypically characterized for oil composition, which could add 2 to 3 yr of lag time between each backcross. Isleib et al. (2006) demonstrated that gas chromatography analysis of linoleate content can be used to reliably identify individual seed that are heterozygous for high O:L. Most peanut breeding programs do not have ready access to that type of chemical phenotyping. Marker-assisted selection, therefore, provides another tool for breeders to accelerate conventional breeding procedures for high O:L that is higher throughput than chemical phenotyping and does not require the use of hazardous chemicals.
Fift y-three BC 3 F 1 individuals were genotyped with markers for both traits. All of them carried only the GM565 allele associated with RKN resistance and 37 individuals were heterozygous for the high O:L marker. Since the male parents for these crosses were heterozygous for the high O:L marker and female parents were normal O:L, recovering more than 50% heterozygous progenies is a high rate of success. Forty-four out of 238 BC 3 F 2 seedlings from these selected individuals were homozygous for both ol and Rma. Th erefore, it took 28 mo to pyramid high O:L onto nematode resistance in cultivar Tifguard by marker-assisted breeding. We decided that three backcrosses would be adequate for the development of Tifguard High O/L because of the genetic similarity of Tifguard to Florida 07 and Georgia-02C based on common parents in their pedigrees. Th e coeffi cient of coancestory between Tifguard and Florida 07 and between Tifguard and Georgia 02C is 0.323 and 0.183, respectively. As more polymorphic markers are developed in peanut, future backcrossing programs could utilize background elimination to increase the contribution from recurrent parents during each backcross.
In addition to saving time, the amount of breeding material carried through this breeding program has been signifi cantly reduced by MAS. Rma dominant marker S197 data from F 1 hybrids indicated that 2 out of 35 were identifi ed as susceptible, an unexpected result given that Tifguard was the female parent. It is apparent that as a recently released cultivar (Holbrook et al., 2008a) , a small percentage of Tifguard still carries the susceptible allele of Rma either through admixture or outcrossing. During the subsequent backcrossing eff ort, all parental plants were screened for homogeneity of the trait of interest as predicted by the linked marker. Among our F 1 , BC 1 F 1 , and BC 2 F 1 progenies, 13 to 18% of seeds derived through self pollination were identifi ed. In a conventional breeding project, these types of errors would not be discerned at an early stage. It is a waste of time and resources for the breeding program to carry along these progenies. Th e use of molecular markers to identify the true hybrids can eliminate this waste and greatly improve breeding program effi ciency.
Besides the CAPS and SSR markers used in this program, there are other types of assays for SNP markers that are suitable for MAS, providing broader access on a breeder's scale to the marker type that is most abundant in genomes (Alves et al., 2008) . A recently developed gel-free HybProbe SNP assay can further reduce assay time, scoring errors, and reagent costs compared with CAPS or SSR markers, although instrumentation is a signifi cant cost. In a HybProbe assay, when the sensor and anchor probes simultaneously bind to the amplifi ed target DNA strand, a fl uorescent signal is produced by fl uorescence resonance energy transfer (Bernard et al., 1998) . During the melting curve cycle, as the temperature gradually increases, the sensor probe melts off the complementary strand earlier than the more thermostable anchor probe resulting in loss of fl uorescence. Th is assay type for the high O:L trait was implemented by designing the sensor probe to span the target 442_insA mutation, exactly matching with the ahFAD2B mutant sequence. Th e melting peak of the mutant homoduplex is at 67°C whereas the melting peak of the wild-type heteroduplex is 6°C lower. Th e shift of melting peaks is caused by a mismatch of the sensor probe at the wild-type target site (Fig. 3) . Heterozygotes have two peaks matching with those of both wild type and mutant but with lower fl uorescence intensity. Th ese characteristic melting peaks enable genotype calling by the soft ware. Th e 54°C melting peak common to all genotypes is produced by sensor probe melting from ahFAD2A homeologous sequences. Besides the mismatch at the target 442_insA, a homeologous C/A SNP 10 bp upstream from the target site is also spanned by the senor probe. Th is additional SNP in the ahFAD2A homeologous gene contributes to the common peak at 54°C. HybProbe assay was performed with 76 individuals from the BC 3 F 2 population. All samples produced data scorable by the soft ware with one exception, the brown line indicated by an arrow in Fig. 3 , which could not be grouped automatically but was scored as a heterozygote based on the CAPS marker. Th e CAPS marker, however, failed to amplify fi ve of the 76 samples. Th e smaller amplicon size of the HybProbe (165 bp) could contribute to the higher amplifi cation rate than the CAPS marker. Only one sample showed a discrepancy, that is, the HybProbe scored it as a mutant whereas the CAPS marker scored it as a heterozygote. It appears to be an error caused by incomplete digestion according to the gel image of the CAPS marker. Previously, HybProbe assays have been used to genotype populations segregating for resistance for southern root-knot nematode and frogeye leaf spot in soybean, where the cost and time for analysis are very economical (Ha and Boerma, 2008) . If an instrument capable of melting curve analysis is available, implementing SNP marker assays would maximize the capacity of markerassisted breeding. In summary, MAS was implemented in a peanut breeding program in three of the four applications detailed by Collard and Mackill (2008) , that is, markerassisted evaluation of breeding material and assessment of purity, marker-assisted backcrossing and/or foreground selection, and marker-assisted pyramiding.
